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- ABSTRACT 

For surface  navigation of an unmanned vehic le  on t h e  planet  

Mars, t h e  loca t ion  of t h e  Martian pole s t a r  can be  used t o  he lp  gener- 

a t e  t h e  needed reference frames. Since an unmanned veh ic le ' s  i n i t i a l  

surface  o r ien ta t ion  i s  unknown, t he r e  would be some d i f f i c u l t y  i n  loeat-  

ing t h e  pole  star. The object  of t h i s  p ro jec t  i s  t o  design an automat- 

i c  system f o r  t h e  unmanned vehic le  whose purpose i s  t o  l oca t e  t h e  pole 

star of Mars and t o  supply t h i s  information t o  t h e  navigational  equip- 

ment. 

The automatic system operates on t h e  concept t h a t  i f  a unique 

group of s t a r s  can be found i n  t h e  heavens, a geometrical re la t ionsh ip  

can be  derived from t h i s  group t h a t  allows t h e  generation of  t he  loea t -  

ion of t h e  pole  s t a r .  This i s  accomplished through t h e  use of a pa t t e rn  

recognit ion system. The system designed i n  t h i s  p ro jec t  operates on 

t h i s  p r i nc ip l e  and w i l l  l o ca t e  t h e  pole s t a r  and/or any point  i n  t h e  

heavens desired.  The pole s t a r  loca t ion  generated by t h e  system is more 

than accurate enough f o r  most navigational  needs. 



A. THE CONCEPT FOR AUTOMATIC LOCATION OF THE MARTIAN POLE STAB 

1. Introauct ion 

One of t h e  primary d i f f i c u l t i e s  encountered with a surface  

navigation system i s  t h e  establishment of t h e  proper reference frames, 

I n  t h e  present  navigation system, t h e  l o c a l  v e r t i c a l  and t h e  pole  s t a r  

o f  ~ a r s ' l ]  a r e  being used t o  generate t h e  necessary coordinate systems. 

I am presen t ly  attempting t o  design an automatic system f o r  t h e  loca t ion  

o f  t h e  pole  star. 

It should be mentioned t h a t  t he r e  i s  nothing spec i a l  about 

t h e  pole  star. It i s  being used s t r i c t l y  f o r  convenience and accuracy. 

Any o ther  star could be  used t o  l oca t e  a point  i n  t h e  sky t h a t  i s  over 

t h e  pole.  The heavens appear t o  r o t a t e  about a point  i n  t h e  sky over 

Mars' pole  with stars and cons te l l a t ions  t r avers ing  c i r c u l a r  paths about 

t h i s  po in t .  Picking any s t a r ,  it i s  only necessary t o  have a clock and 

a char t  of t h e  star 's  motion t o  be  able  t o  ca lcu la te  t h e  point  i n  t h e  

heaven t h a t  i s  over t h e  pole ,  bu t  t h i s  i s n ' t  t o o  accurate and t h e  aecw- 

acy decreases with increas ing dis tance  between t h e  star and t h e  po in t ,  

This i l l u s t r a t e s  t h e  advantages of using t h e  pole  s t a r  f o r  t h e  re fe r -  

ence star,  i . e . ,  no accurate clock o r  astronomical char t  f o r  Mars i s  

necessary,  no inaccuracies from s igh t ings  and ca lcu la t ions  a r e  in t ro -  

duced, and implimentation w i l l  probably be  ea s i e r .  

2. Basic Cvncept - f o r  Location of t h e  Pole S t a r  ----- 

A n  automatic pa t t e rn  recognit ion system w i l l  be  used t o  l oca t e  

t h e  pole  star of  Mars. This system w i l l  discriminate between t h e  magni- 

tudes and emitted wavelengths of  t h e  l i g h t  emitted by t h e  s t a r s  t h a t  it 

scans and it w i l l  use t h i s  information t o  pick t h e  pole s t a r  d i r e c t l y  



i f  t h e  pole  star i s  unique i n  character  f o r  t h e  s t a r  group scanned, i f  

t h e  pole s t a r  i s n ' t  unique, a unique group of s t a r s  w i l l  be  used f o r  

which t h e r e  e x i s t s  a geometrical r e l a t i o n  t h a t  loca tes  t h e  pole s t a r ,  

3. Basic Pa t te rn  Recognition Operations 

, I n  l oca t i ng  t h e  pole s t a r ,  t he r e  a r e  two main operations that 

most pa t t e rn  recognit ion systems would perform on t h e  image t h a t  i s  

received from t h e  heavens. [21r31[41[51 The f i r s t  i s  mapping t h e  origin- 

a l  image space back upon i t s e l f ,  thus allowing f o r  t r a n s l a t i o n  of  t h e  

image, o r ien ta t ion  changes, s ca l e  changes and/or a reduction of back- 

ground c l u t t e r .  The second i s  mapping t h e  o r ig ina l  image space i n t o  a 

new space, meaning mapping i n t o  a s p a t i a l  frequency plane o r ,  i n t o  an 

abs t r ac t  f e a tu r e  representa t ion space o r ,  i n t o  whatever space might be 

derived, Once these  operations a r e  completed ( i f  they a r e  needed. at 

a l l ) ,  preprocessing techni.ques a r e  used t o  obta in  t h e  needed information 

contained i n  t h e  image. There a r e  two bas ic  approaches t o  preprocess- 

ing used i n  pa t t e rn  recognit ion.  The f i r s t  i s  e lec t ron ic  processing 

which includes such operations as  t h e  processing of video gray sca le  

information, Fourier  Frequency analysis  and s t a t i s t i c a l  sampling, Tlne 

second i s  o p t i c a l  processing including such operations as  image enhance- 

ment using s p a t i a l  f i l t e r i n g  and using conventional power spec t ra  and 

s l i t - ape r tu r e  power spectra .  Whether o r  not any o r  all of t h e  above 

operations a r e  necessary w i l l  become obvious as t h i s  repor t  progresses,  

B. IDEXTIFICATION OF THE POLE STAR AND THE APPROACH FOR ITS  LOCATION 

1. Determination - of Ce l e s t i a l  Coordina.tes of t h e  Pole of Mars ----- 
As previously s t a t e d ,  t h e  proposed navigation system requires  ' 

t h e  l o c a l  v e r t i c a l  and t h e  Martian pole s t a r  t o  generate t h e  needed 
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coordinate systems. The f i r s t  problem encountered i n  attempting t o  de- 

s i gn  an automatic system t o  l oca t e  t h e  pole s t a r  was  i d e n t i e i n g  t h e  

star. 

The equator of M a r s  i s  inc l ined  from t h e  v e r t i c a l  of i t s  o fb i t  

by an amount t h a t  i s  almost t h e  same as t h e  i nc l i na t i on  of t h e  equator 

of  Earth t o  i t s  o r b i t  (24.936' f o r  Mars, as compared t o  23.5' f o r  

~arth). Knowing t h a t  t h e  axis of Earth points  t o  within one degree of 

t h e  s t a r  Po la r i s  i s  of l i t t l e  he lp  t o  us ,  f o r  though both planets  (MWS 

and Earth) have approximately t h e  same inc l i na t i on  t o  t h e i r  o r b i t s ,  

t h e i r  axis  point  i n  d i f f e r en t  d i rect ions .  r61 These d i rec t ions  d i f f e r  

by approximately 45'. 

I n  t h e  p a s t ,  it has been found t h a t  t h e  c e l e s t i a l  coordinates 

a-lons of t h e  north pole of M a r s  a r e  needed t o  perform astronomical calcul  -to 

concerning Mars. The methods used i n  determining t h e  d i rec t ion  o f  t h e  

ax i s  a r e  generally based on one of t h r ee  techniques: 

( 1 )  Observations of t h e  polar  caps, with allowance f o r  

t h e  s l i g h t  e ccen t r i c i t y  of t h e  caps with respect  t o  

t h e  areographic poles (lowel 1905, Wortz 1912, 

W i  dorn 19 39 ) 

(2 )  Determination of t h e  axis  of e l l i p s e s  described by 

t h e  ro t a t i on  of se lec ted  surface  markings near t h e  

equator ( ~ r u m p l e r  1927, Camnichel 1954 ) 

( 3 )  Determination of t h e  pole of t h e  nearly equa tor ia l  

o r b i t s  of t h e  Martian s a t e l l i t e s  ( ~ t r u v e  1911, 

Burton 1929 ) 

The r e s u l t s  of  these  d i f fe ren t  methods a r e  summarized i n  Table 1 and 
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t h e  most representa t ive  f i gu re s ,  as determined by DeVaucouleur, are  

r i g h t  ascension a =316.5'j0 (1905.0) 
0 

dec l ina t  ion  6 =+52.85O 
0 

These values of  r i g h t  ascension and decl inat ion vary with time due t o  

t h e  precession and nuta t ion of Mars. Because of t h i s ,  t h e  values a r e  

r e f e r r ed  t o  a standard equinox ( i n  t h i s  case 1905.0) f o r  easy eompar- 

ison.  For t h e  degree of  precis ion usual ly  required,  nuta t ion may be 

neglected. Compensating f o r  precession,  DeVaucouleur a r r i ve6  a% t h e  

compensated values of 

00(t)=316.550 + 0.00675(t-1g05.0) 

So(t)=+52. 85" + 0.00346(t-1905.0) 

where 1 t-1905.0 1 <lo0 years 

Thus we can l oca t e  t h e  c e l e s t i a l  coordinates of Mars axis  f o r  any time 

desi red and these  coordinates correspond t o  t h e  coordinates of t h e  pole 

star of M a r s .  

2. I den t i f i c a t i on  of t h e  Pole S t a r  

Checking t h e  s t e l l a r  maps, it i s  found t h a t  t he r e  i s  no s b a r  

d i r e c t l y  over t h e  pole of  Mars. The nearest  b r i gh t  s t a r ,  which would 

be considered t h e  north pole star of Mars, i s  a Cygnus ( ~ e n e b )  which is 

within  l o 0  of t h e  exact po la r  loca t ion  [81. Now t h a t  t h e  pole s t a r  is 

i d e n t i f i e d ,  it i s  necessary t o  f i nd  a method t o  l oca t e  it. 

3. Mathematical Approach to Location of Pole S t a r  and/or True Pole 

Since t h e r e  i s  nothing spec ia l  about t h e  pole s t a r  (meaning 

t h a t  any s t a r  could be used f o r  t h e  same purpose) and s ince  Deneb is 

not  d i r e c t l y  over t h e  pole ,  a method must be found f o r  loca t ing  t h e  

pole  s t a r  t h a t  could be used t o  l oca t e  any o ther  star o r  t o  l oca t e  a 



. . 
point  i n  t h e  heavens t h a t  i s  d i r ec t ly  over t he  t r u e  pole. Deneb i s  

b r igh t ,  having a magnitude of 1.3 emitted a t  a spec t ra l  value of K?p, 

and it could be located d i r ec t ly  but t h i s  would require too  exacting a 

system since it would have t o  discriminate from other  s t a r s  i n  the  h e a p  

ens with s imi la r  magnitude and spectra.  

The method t o  be used requires the  locat ion of two spec i f ic  

d i s t i n c t  s t a r s  and using these two s t a r s  t o  generate t he  l o c ~ t i o n  tha t  

i s  desired,  whether it be t h e  pole s t a r  o r  a point  i n  t he  heavens exaet- 

l y  over t h e  pole. The locat ion of these two s t a r s  i s  g rea t ly  f a e i l i t a t -  

ed i f  they a re  d i s t i nc t  i n  some manner from the  other  s t a r s  i n  the  heav- 

ens. A study of maps of t he  northern c e l e s t i a l  hemisphere indicate  that 

most s t a r s  have other s t a r s  s imilar  t o  them present i n  t he  heavens Esl f 81 

This l e d  t o  the  decision t o  use binary s t a r s  as t he  reference stars since 

they comprise a very s m d l  and unique s e t  i n  the  heavens, having a mag- 

nitude of emitted l i g h t  and two d i s t i nc t  spectra  (see  Appendix 11, Once 

these two binary s t a r s  a r e  located,  the  pole s t a r  i s  found by swinging 

two arcs  t o  specif ied angles with respect t o  t he  directed are  between 

t h e  two reference s t a r s .  One arc  or iginates  from each referenee s t a r  

and t h e i r  in te rsec t ion  i s  t he  locat ion of t he  pole star(shown i n  Fig, la 

Figure 1 



Picking Cygnus(Albireo and 6 S a g i t t a  a s  t h e  reference binary s t a r s ,  the 

needed information on them was obtained. 

Magnitude Spectra Right Ascension Declination 

Deneb 1.3 A ~ P  311° 3.6' #45O l o v  35'8 

Albireo 3.2 KO ,A0 293' 34.2' #27O 53' 51" 

6 S a g i t t a  3.8 MO ,A0 296O 43.44' + 1 8 O  27' 4.2" 

To f i n d  angles A and B ,  i n  Fig. 2 ,  it i s  necessary t o  f i nd  t h e  a rc  lengths 

between t h e  t h r ee  s t a r s  and then t o  use these  lengths ,  along with t h e  

proper spher ica l  tr igonometric [9 r e l a t i ons .  Spher ical  trigonometry i s  

a l so  needed t o  f i n d  these  o r ig ina l  a r c  lengths s ince  t h e  loca t ion  of each 

star i s  given i n  terms of i t s  r i g h t  ascension and decl inat ion measure- 

ments on t h e  c e l e s t i a l  sphere. I n  applying t h i s  type of trigonometry it 

must be remembered t h a t  it was derived f o r  g rea t  c i r c l e s  and care must 

be  taken t o  use only g rea t  . c i rc les ;  otherwise t h e  r e l a t i ons  a re  inva l id .  

Figure 2 

I n  general ,  t o  f i n d  t h e  a r c  length between s t a r s  loca ted  a t  

points  1 and 2 ,  given t h e i r  r i g h t  ascensions and decl inat ions  ( ~ 1 , d . l )  



and ( ~ 2 , d 2 ) ,  one can proceed as follows: ) A =  ) B = 90' 

a rc  01 (1 )  cosOl = cosRl c o s p  + sinR s i n 5  cosA 1 

(2) s i n a  = sinC$/sinOl 

a r c  02 (3) cos02 = cosR cosd + sinR s ind  cosB 2 2 2 2 

sin02/sinB = sin02/1 = s ind  /sin6 
2 

(4) s in6 = s ind  /sin02 
2 

s ince  we a r e  measuring a and B a t  t h e  equator y= @-a 

cosl2  = cosOl cos02 + s in01 sin02 cosy 

-1 ( 5 )  a rc  12 = cos 12 

Using t h e  r i g h t  ascensions and declinations f o r  Deneb, Albireo and 

6 S a g i t t a ,  t h e  following a r c  lengths a r e  obtained: 

Deneb t.o 6Sag i t tx  29' 16' 

Deneb t o  Albireo 22' 11' 

Albireo t o  GSagitta 9' 50' 

Figure 3 

To f ind  t h e  desi red angles,  A and B, i n  Fig. 3, t h e  s p h e r i c a l  

t r igonometric cosine l a w  i s  applied. 

cos A = 
cos(22'11') - cos(2g016') c o s ( g 0 5 ~ ' )  

sin(2g016')  sin(9'50') 

cos B = 
cos (29'16' ) - cos (22'11 ) cos (g050 ) 

sin(22'11') s in(g050 ' )  

and r e s u l t s  i n :  A = 37'14' B = 3g017' 

Thus s ince  two reference s t a r s  can be i den t i f i ed ,  a d i rected are  between 



them can be  drawn (from GSagitta t o  Albireo, f o r  example). From &Sag- 

i t t a ,  an a r c  can be constructed a t  an angle ~=37'14' with respect  t o  

t h e  a i r ec t ed  arc .  From Albireo,  a second a r c  can b e  constructed a t  an 

angle 180-B=180°-39017' with respect  t o  t h e  d i rec ted  arc .  The i n t e r -  

sec t ion  of these  two a rcs  i s  t h e  loca t ion  of t h e  desi red po in t ,  i n  t h i s  

case t h e  pole  s t a r .  

A problem with t h e  system jus t  described i s  t h a t  s ince  t he  

planet  M a r s  i s  ro t a t i ng ,  these  two reference s t a r s  w i l l  not always be i n  

s i gh t  of t h e  rover at a l l  times. This w i l l  be t r u e  f o r  any choice of  

two s t a r s .  This leads  t o  t h e  idea  of picking t h r ee  i d e n t i f i a b l e  s t a r s  

t h a t  a r e  separated by approximately 120° and using whichever two are in 

s igh t  at a ce r t a in  time. A poss ible  choice of s t a r s  would be 

Magnitude Spectra Right Ascension Declination 

Albireo 3.2 KO ,A0 lgh  29m 37.0s 427' 53'51" 

M i  rt ak 3.1 3'5 ,A3 3h 02m 41.1s 7'53 23 39 
( ~ e r s  eus ) 

The previous calcula t ions  could be ca r r ied  out f o r  t h i s  s e t  of t h r ee  

s t a r s  and t h i s  would allow t h e  pinpointing of any spot i n  t h e  heavens sic 

any time during t h e  day. 

C. PHYSICAL DEVICE USED FOR LOCATION OF POLE STAR AND/OR TRUE FOLE 

1. - Introduction and - .- t h e  Basic - Star - Locating/Tracking. Device 

Since it i s  des i red t o  have t h e  capab i l i ty  of loca t ing  e i t h e r  

t h e  pole star o r  t h e  point  i n  t h e  heavens d i r e c t l y  over t h e  pole of Mars, 

t h e  device f o r  loca t ing  t h e  binary reference s t a r s  must be capable of 



maintaining t h e  locat ions  of these  s t q s .  This i s  due t o  t h e  f a c t  tha% 

a point  i n  t h e  sky can ' t  be  d i r e c t l y  tracked,  as a star can be.  The 

loca t i on  of t h e  two reference s t a r s  must b e  known before  t h e  desired 

point  i n  t h e  sky can be  located and t o  maintain an accurate knowledge o f  

the pos i t ion  of t h i s  po in t ,  an accurate knowledge of t h e  pos i t ion  of t h e  

reference must be  maintained. From t h i s  point  on, t h e  star t r acke r  eap- 

a b i l i t y  w i l l  be  considered as  a necessary p a r t  of t h e  device used to lo-  

c a t e  t h e  reference s t a r s .  

The bas i c  device f o r  l oca t i ng  and then t rack ing  a binary r e f e r -  

ence star i s  i l l u s t r a t e d  i n  Fig. 4. 

2. Description --- of Basic S t a r  Locating/Tracking Device 

( a )  Telephoto Lens 

The te lephoto l ens  i s  used t o  gather l i g h t  from a l l  s t a r s  i n  

a spec i f ied  angular f i e l d  of view (about 2 ' ) ,  determined by t h e  ].ens 

construction,  and t o  d i r e c t  it i n t o  a small foca;l plane. Ins tead of  

picking up a l l  objects  i n  i t s  f i e l d  of view with equal i n t e n s i t y ,  as i s  

common i n  te lephoto l ense s ,  t h i s  l en s  i s  constructed i n  such a manner 

t h a t  a star i n  t h e  center  of i t s  ' f i e l d  w i l l  be picked up as a s l i g h t l y  

g r ea t e r  i n t e n s i t y  image than a s t a r  of equal magnitude on t h e  edge of 

i t s ' f i e l d .  The reason f o r  t h i s  w i l l  be explained l a t e r .  

(b ) Collimator 

The coll imator takes  t h e  l i g h t  emerging from t h e  te lephoto l ens  

and forms it i n t o  a t i g h t l y  collimated l i g h t  bean. 

( c )  Prism 

Upon leaving t h e  coll imator,  t h e  l i g h t  beam encounters a. prism 

made of dense f l i n t  g lass%,  forming a r i g h t  angle with t h e  prism face  

f i r s t  met ( a  -0 ) .  
1- 



Figure 4 



"Dense F l i n t  Optical  Glass 
v= 

Cat.code other  na - n IR n A t  n n a n 
C (na-l)l.OO name - f 

n,-nc ( 1 . 0 1 4 ~ )  (0 .07682~)  ( 0 .6563~)  ( .5876p) ( ,4861~) 

1.86428 Fish-Schurman Cor-p., N.Y, 

ns - INDEX OF 

RPFRI$CTIOM OF 
GLASS \ 

Using n = 1 (a i r ) ,  n = 1.78646, % = 1.86428 A' 

s ina2 = sincll cos$ - s in6 

l e t  n ' 1 ul=OO -+ sino2 = -sin$-- = - sin$(;) 
n 

i f  1 $=go0, sinc12 = - - 
1 

f o r  - A'  sina2= - (1.78646) - -.562 

01~-34.7'5' 

for .  

a 2 ( =  32.5' 

a2-a2'= 1.65' 

Upon leaving the  prism, the  l i g h t  beam diverges as an immediate r e s u l t  

of t h e  var ia t ion  of t h e  r e f r ac t i ve  index of t h e  op t i ca l  glass w i t h  wave- 

length.  There w i l l  be an approximate angular separation of 1 . 6 5 ~  degrees 

between t h e  two extremes i n  t h e  v i s i b l e  spec t ra  used above. 



(d) Mirrored Optical  Path 

To obta in  a distance of separation of about two centimeters 

between t h e  two extreme wavelengths used above, an op t i ca l  pathlength of 

about 0.7 meters i s  required.  This i s  accomplished through t h e  use of 

a mirrored box, i n t o  which t h e  emerging beam from t h e  prism en te rs .  In- 

s i de  t h e  box, t h e  f iverging beams of l i g h t  a r e  r e f l ec t ed  along an optical. 

path  of t h e  desi red length  and a t  t h e  end of t h i s  path they leave t h e  box 

and f a l l  upon a one dimensional array of l i g h t  s ens i t i ve  devices, Thus 

a high i n t e n s i t y  l i g h t  beam has been dispersed along a l i g h t  s ens i t i ve  

a r ray  giving a d i s t r i bu t i on  of l i g h t  i n t ens i t y  r e l a t e d  t o  t h e  d i s t r i bu t i on  

of  wavelength i n  t h e  o r ig ina l  beam, a t  a cost of having l e s s  l i g h t  inten- 

s i t y  per  un i t  a rea  than t h e  o r ig ina l  beam ( though t h e  t o t a l  l i g h t  inten- 

s i t y  i s  constant) .  

( e )  Photo-detector 

1. Background mate r ia l  - The time r a t e  of flow of l i g h t  energy 

i s  r e f e r r ed  t o  as luminous f lux .  The luminous f l u x  i s  t h e  cha rac t e r i s t i c  

of radiant  energy which produces v i sua l  sensation.  The un i t  of Sl-ux i s  

t h e  lumen, which i s  t h e  f l u  emitted i n  a un i t  s o l i d  angle by a uniform 

point  source of one candela, which produces a t o t a l  luminous f l u x  of 

4a lumens [i31 

I n  measuring s t e l l a r  magnitudes photoe lec t r i ca l ly ,  t he  flu i n  

lumens L from a star of magnitude M which i s  received by a telescope hav- 

ing  a diameter of d inches can be  expressed as follows: 

- 5  log lo(^) = 7-57 - 30 + 5 loglO(d) -M 

i t h  a diameter of f i v e  inches and a s t a r  o f  magnitude 

t h r ee ,  k 1 . 6 8  x lumens [131 



2. Comparison 'of Photo-Detectors - To f i n d  a photodetector 

which would perform s a t i s f a c t o r i l y  with t h i s  magnitude of lmrlnous flu, 

a study of photodetectors was performed. The approximate range of power 

o r  luminous f l u x  f o r  which various types of detectors a r e  userul  a r e  in- 

d icated graphical ly  i n  Fig. 6. These indicated ranges a r e  only f o r  guid- 

ance i n  picking a device and may a t  times be  exceeded [131 

TYPICAL RANGES OF POWER OR LUMINOUS FLUX 
Mult ip l ie r  
phototubes 

Gas f i l l e d  
phototubes 

Vacuum 
phototubes 

Cds photocells  

Phot ovolt  a i  c 
c e l l s  (energy 
conversion type)  

watts  (2870'~)  Tungsten 

I I I I I I I 
100 

Lumens (2870'~)  

Figure 6 

3. Limitations on Desired Photo-Detector - As a r e s u l t  of this 

study,  it was decided t o  use s i l i c o n  photojunction c e l l s .  Assuning an 8% 

l o s s  of i n t e n s i t y  i n  t h e  te lephoto l e n s ,  4% i n  t h e  coll imator,  2% i n  the  

mirrored un i t  and 1% i n  t h e  prism, t h e  photojunction c e l l s  a re  s t i l l  



capable of handling t h e  job. A s i l i c o n  photodiode i s  ba s i ca l l y  a p-n 

junction,  exhibi t ing a nonohmic cha rac t e r i s t i c ,  as i l l u s t r a t e d  below, 

Figure 7 

When l i g h t  i s  applied t o  t h e  c e l l ,  t h e  curve s h i f t s  downward, 

Be-crerse biasicg t h e  c e l l ,  it cperztes ss s p3etoccnc?-~cti~~e d e t i c e  zed 

i t s '  output i s  developed across a s e r i e s  load r e s i s t o r .  I n  photo-voltaic 

app l ica t ions ,  t h e  c e l l  i s  used t o  convert radiant  power d i r e c t l y  i n t o  

e l e c t r i c a l  power. Due t o  i t s  g rea te r  s e n s i t i v i t y ,  t h e  photoconductive 

mode of operation w i l l  be used [13 [14 [15 I .  Schematically , t h e  photo- 

junction device connected i n  t h e  photoconductive mode appears as follows: 

Figure 8 



where t h e  output voltage change with incident l i g h t  i s  i l l u s t r a t e d  

graphical ly  by 

Figure 9 

After  a discussion with s t a f f  members i n  t h e  Electrophysies 

Department at  R . P . I . ,  it was decided t h a t  i f  t he r e  was no need t o  worm- 

about impulses of l i g h t  ma t h e  r e su l t i ng  t r a n s i e n t s ,  i . e . ,  t h e  s t a r  is 

v i e ~ e t i  f o r  i Iwec or more, anii iiie rievice i s  operated ai a iow C U T ~ I L ' L  

l e v e l ,  a one dimensional a r ray  of diodes may be fabr ica ted  har ing a diode 

width of approximately .2mil/unit.  Thus a one dimensional =ray -that i s  

two centimeters long could contain,  i f  desired,  approximately four thous- 

and u n i t s ,  with t h e  leads  coming i n  from above and below t h e  array,  

Assuming t h a t  an array of photojunction c e l l s  may be fabr ica ted  

-12 t o  operate a t  a l e v e l  of 10 lumens, t h e  number of elements in t he  array 

i s  l im i t ed  by t h e  minimum amount of l i g h t  required by one u n i t ,  Using 

t h e  assumed losses  i n  t h e  op t i ca l  devices, 

( 1 . 6 8 ~ 1 0 - ~ )  x .92 x .96 x .g8 x .gg lumens z1450 units 

lumens /uni t  

t h e  limit would thus be a 1450 un i t  array.  Since t he r e  i s  a spread of 

approximately t h r ee  thousand angstroms over t h e  range of i n t e r e s t ,  t he  

number of un i t s  i n  t h e  array i s  a r b i t r a r i l y  chosen as  f i v e  hundred, 



4. Operation of Photo-Detector - For a first check on t h e  

i a e n t i t y  of t h e  observed star, t h e  outputs of a l l  t h e  array elements a r e  

summed and t h i s  sum i s  r e l a t e d  t o  t h e  s t a r t s  magnitude. I f  too  low a - 
magnitude i s  indicated,  t h e  star i s  r e j ec t ed  and t h e  device w i l l  begin 

scanning f o r  another star. If t h e  magnitude i s  grea t  enough, t he  output 

from each array element i s  compared against  predetermined standards corres- 

ponding t o  each of t h e  desi red reference s t a r s  dispersed spec t ra .  If t h e  

observed spec t r a  does not correspond ... t o  one of t h e  preprogrammed spec t ra ,  

t h e  star i s  r e j ec t ed  and t h e  device w i l l  begin scanning f o r  another s t a r ,  

If t h e  spec t ra  does correspond t o  t h a t  of one of t h e  binary reference 

s t a r s ,  a  d i g i t a l  s i gna l  i d e n t i m i n g  t h e  s t a r  w i l l  be generated and a s ig-  

n a l  w i l l  be sent  t h e  s t a r  t r a cke r  un i t  t o  maintain t h e  loca t ion  of ".,his 

star. 

( f )  Tracking of Reference S t a r s  

The s t a r  t racking u n i t ,  upon receiving t h e  t rack  s igna l  w i l l  

move i n t o  place between t h e  telephoto l ens  and t h e  col l imator ,  It w i l l  

proceed t o  pos i t ion  t h e  s t a r  a t  t he  op t i ca l  center  of t h e  te lephoto l e n s ,  

t h e  point  where t h e  e f f ec t i ve  i n t ens i t y  of t h e  s t a r  w i l l  be t h e  g r ea t e s t ,  

(due t o  t h e  construction of t h e  l ens  ) . This w i l l  be accomplished through 

t h e  use of a  segmented, l i g h t  s ens i t i ve  disk ( c ~ s ) .  Constructed of 

four  i d e n t i c a l  wedgeshaped segments, t h e  output of each segment i s  r e l a t -  

ed  t o  t h e  i n t e n s i t y  of l i g h t  incident  upon it. Through t h e  use of  a  

servo-mechanism system, t h e  d i rec t ion  of t h e  t e lescopic  l ens  i s  adjus t e d  

t o  give equal outputs from a l l  segments corresponding t o  equal l i g h t  in-  

t e n s i t i e s  on all four  segnents. This occurs when t h e  s t a r  i s  exactly cen- 

t e r e d  i n  t h e  device. The scheme f o r  con t ro l l ing  t h e  servo-system i s  



as follows : 

. . 

Figure 10 

move device i n  +y d i r ec t i on  

move device i n  -y d i rec t ion  

i f  a+c > b+d move device i n  -x di rec t ion  

i f  a+c < b+d move device i n  +x di rec t ion  

i f  a+b=c+d, a+c=b+d do not  move device 

Figure 11 



3. Location - of Second Reference S t a r  

Once t h e  f i r s t  reference s t a r  i s  located,  a modified sweep 

path  w i l l  be used t o  loca te  t h e  second reference s t a r .  A second u n i t $  

i d e n t i c a l  with t h e  f i r s t  one j u s t  described w i l l  be posit ioned a t  an 

I angle, with respect  t o  t h e  f i r s t  u n i t ,  equal t o  t h e  angular separation 

between t h e  already loca ted  (now known) reference star and one of t h e  

o ther  two reference stars. The second u n i t  w i l l  sweep a constant, radius 

c i r c u l a r  path around t h e  f i r s t  un i t .  If t h e  second reference s t a r  i s  

loca ted  and i den t i f i ed ,  t h e  second un i t  w i l l  t r a ck  it and thus maintain 

i t s  locat ion.  If it i s  not found, t h e  angle of t h e  f i r s t  u n i t ,  with 

respect  t o  t h e  second u n i t ,  w i l l  be changed t o  equal t he  angular separ- 

a t i on  between t h e  already found reference s t a r  and t h e  remaining re fe r -  

ence star. The modified sweep path w i l l  again be  used, now loca t ing  

and i d e n t i m i n g  t h e  second reference star. 

4. Generation of t h e  Location of t h e  Pole S t a r  And/or True Pole Fsom -- ---- --- 
Locations of Reference S ta rs  

Having loca ted  and i d e n t i f i e d  two reference s t a r s ,  it i s  

necessary t o  use them t o  loca te  e i t h e r  t h e  pole star o r  t h e  point  i n  

t h e  heavens over t h e  t r u e  pole. The two star loca t ing  un i t s  a r e  mounted 

on a platform on t h e  roving vehicle.  They a r e  gimbolled t o  move i n  two 

d i rec t ions  only, one d i rec t ion  being p a r a l l e l  t o  and t h e  other  being i n  

a plane perpendicular t o  t h e  surface  of t h e  platform, as shown i n  Fig.12, 

A f i c t i t i o u s  reference frame, xyz, i s  es tabl ished on t h e  platform with 

t h e  y ax i s  running i n  t h e  lengthwise d i rec t ion  and x axis  i n  t he  width- 

wise d i rec t ion  of t h e  platform i n  t h e  platform plane and with t he  o r ig in  

at t h e  center  of t h e  s t a r  loca t ing  u n i t ' s  gimbols. Mechanical pick-offs 



measure t h e  two angles f o r  each u n i t  i n  t h i s  f i c t i t i o u s  frame. 

Figure 1 2  

The zero degree point  f o r  t h e  two gimbols i n  t h e  xy plane i s  t h e  posi- 

t i v e  y axis with t h e  angle inc reas ing  i n  t h e  clockwise d i r e c t i o n  and 

t h e  zero degree point  f o r  t h e  remaining gimbols i s  on any l i n e  i n  t h e  

x ; ~  plane with t h e  angle inc reas ing  with e leva t ion  i n  t h e  z d i r e c t i o n ,  

I n  t h e  s t a r  c h a r t s ,  t h e  r i g h t  ascension and dec l ina t ion  of 

a star i s  measured wi th  respect  t o  a s p e c i f i c  ve rna l  equinox [91; Since  

t h i s  i s  a r e l a t i v e  measurement, t h e  r i g h t  ascension and dec l ina t ion  of 

t h e  reference  s t a r s  can be  measured with respec t  t o  t h e  po in t  i n  t h e  

sky t h e  f i c t i t i o u s  y ax i s  i s  d i r e c t e d  towards at a s p e c i f i c  t ime,  If 

t h i s  i s  done, t h e  angular  measurement of t h e  gimbol i n  t h e  yy plane 

corresponds t o  t h e  r i g h t  ascension and t h e  angular  measurement of t h e  

remaining gimbol corresponds t o  t h e  decl inat ion of t h e  reference  star 

i n  terms of t h i s  f i c t i t i o u s  frame. Knowing t h e  r i g h t  ascensions and 

dec l ina t ions  of  t h e  two reference  stars i n  t h i s  f i c t i t i o u s  reference  



frame, it i s  poss ible  t o  compute t h e  . r ight  ascension and decl inat ion o f  

the pole s t a r ,  ( o r  point  i n  t h e  heavens ) with respect  t o  t h i s  frame, 

Since t h e  r e s t  of t h e  navigation package i s  a l s o  loca ted  on t h i s  p la t -  

form, t h i s  gives t o  it t h e  needed loca t ion  of t h e  pole  s t a r .  The need- 

ed  computations a r e  b e t t e r  visudLized by r e f e r r i ng  t o  Figure 13 where 

points  1, 2 and D r e f e r  t o  t h e  locat ions  of reference s t a r s  1 and. 2,  

and Deneb. 

Figure 1 3  

Through previous calcula t ions ,  t he  included angles A, B an6 C are 

known. Using t h e  r i gh t  ascension and decl inat ion of Deneb as variables 

and using t h e  law of s ines  from spher ica l  trigonometry, two equations 

may be formed. One equation r e l a t e s  t h e  a r c  length between points 1 

and D t o  t h e  a r c  length between points  1 and 2 and t h e  second relates 

t h e  a r c  length between points  2 and D t o  t h a t  between points  one and 

two. This gives two equations i n  two unknowns. Since t h e  i d e n t i t i e s  



-27 - 
of reference s t a r s  one and two axe uniquely known, t h i s  adds a constra int  

on what t h e  r i g h t  ascension and decl inat ion of Deneb can be ,  with respect  

t o  t h e  ascension and decl inat ion of e i t h e r  reference s t a r  1 o r  2. The 

two equations can thus be uniquely solved f o r  t h e  r i gh t  ascension and 

decl inat ion of Deneb i n  terms of t h e  f i c t i t i o u s  reference frame on t h e  

p la t fo rn .  

Computationally: A.B.C a r e  known and using t h e  def in i t ions  f o r  angles 

and a r c  lengths used e a r l i e r  i n  t h i s  paper 

cos 01 = cosR cosd 
1 1 

cos OD = cosR cosd a d  

def ining s ina  = s ind  /s in01 
1 

sinB = s ind  /sinOD d 
C63-i = coa 1 

t-' u /  

r e s u l t s  i n  coslD = cos 01 cosOD + s in01 sinOD cos y 

cos 02 = cosR cosd2 2  

def in ing  s in6 = sind2/sin02 

r e s u l t s  i n  cos 2D = cos 02 cos OD + sin02 sinOD coss 

cos 12  = cosOl cos02 + s in01 sin02 cos(a-8) 

Applying t h e  law of s i ne s ,  t h e  two needed equations i n  terms of t h e  two 

unknowns ( t h e  r i g h t  ascension and decl inat ion of ~ e n e b )  a re  obtained 

from - s i n  C = -  sinB 
s i n  12 sinlD 

s i n  C s i n  A - = ----- 
s i n  12 sin2D 

These two equations a r e  now solved simultaneously by t h e  veh ic le ' s  com- 

pu te r  and t h e  r e s u l t s  a re  given t o  t h e  navigation package. 



Pole S t a r  Location Error  59 - - 
Errors i n  t h e  loca t ion  of t h e  two binary reference s t a r s  w i l l  

r e s u l t  i n  an e r r o r  i n  t h e  generated loca t ion  of t h e  pole star and/or t r u e  

pole.  Considering t h e  fabr ica t ion  techniques of  today, t h e  reference 

stars should b e  loca ted  by t h e  locat ing/ t racking device t o  l e s s  than 0.1 

degrees of t h e i r  correct  locat ions .  Introducing these  e r ro r s  w i l l  r e s u l t  

i n  t h e  generation of a pole s t a r  loca t ion  t h a t  should be wel l  wi thin  t h e  

to lerances  fo r  most navigational  needs. This i s  fu r the r  discussed i n  

Appendix 111. 

D. CONCLUSION 

The navigational  approach t o  loca t ing  t h e  pole s t a r  and/or t r u e  

pole using binary reference s t a r s  i s  f e a s ib l e ,  generating t h e  pole s t a r  

loca t ion  exact ly  i f  t h e  reference star locat ions  a r e  exact and not gener- 

a t i ng  unreasonable e r rors  i n  t h e  pole s t a r  loca t ion  f o r  small erroirs i n  

t h e  reference s t a r  locat ions .  The pa t t e rn  recognit ion system i s  shown 

i n  t h e  body of  t h i s  repor t  t o  be  capable of operating on t h e  l i g h t  inten- 

s i t y  emitted by t h e  reference s t a r s .  Once t h e  reference s t a r  i s  located,  

t h e  method f o r  maintaining i t s  loca t ion  and generating i t s  coordinates 

i n  t h e  vehicle reference frame i s  e a s i l y  applied with a high degree of' 

accuracy, being l imi ted  by fabr ica t ion  techniques. 

Looking a t  t h e  t o t a l  system, a pole s t a r  loca t ion  e r r o r  of l e s s  

than one ten th  (0 .1)  of a degree should be e n t i r e l y  f ea s ib l e  i f  case i s  

taken i n  t h e  construction of t h e  system and i f  t h e  platform on which it 

i s  mounted i s  kept reasonably s t a b l e  with respect  t o  t h e  Martian s l ~ f a e e .  



APPENDIX I 

BINARY STARS OF THE NORTHERN CEUSTIAL HAMISPHERE f6S 

Magni- Right 
tude Spectra Ascension Declination 

.r Perseus 4.1 GO ,A5 2h 52m 11.4s +52O38%2" 

y Perseus 3.1 3'5 ,A3 3h 02m 41.1s +53 23 39 

58 Perseus 4.5 KO ,A3 4 34 40.5 +41 12 21: 

5 Auriga 3.9 KO ,B1 5 00 26.9 +41 02 07 

T Ursa Major 4.7 3'5 ,A5 9 08 32.7 +63 37 58 

o Leo 3.8 3'5 ,A3 9 39 36.2 + l o  01 30 

113 Hercules 4.6 GO ,A3 18 53 31.3 +22 36 26 

5 Lacerta 4.6 K0,AO 22 28 19 .1  4-47 33 29 

0 Andromeda 3.6 B5,A2p 2 3 0 0  34.9 +42 10 11 

U. 5 Mizor 2.4+4 A2p 13 22 45.6 4-55 04 35 
Major{ ' 

80 Mcore  4.0 A5 13 24 04.0 +55 08 19 

Albireo BCygnus 3.2,5.5 K0,AO 19 29 33.0 +27 53 51 

6 S a g i t t a  3.8 MO ,AO 19 46 05.6 +18 27 42 



Table I 

< CELESTIAL COORDIfiATES (1905) OF THE 

NORTH POLE OF XARS 

Time Author Rt.Ascension Decl ina t ion  Method 
Base 

P o s i t i o n  
ang les  of  
p o l a r  cap  

1877-86 S c h i a p a r e l l i  
- - / 

1877-86 S c h i a p a r e l l i  

1884-94 Lohse 

1896-98 C e r u l l i  * .,. 

1901-05 Lowell 

1903-09 Wirtz 

1901-07 Lowell & Lampland 

1901-09 Lowell 

1901-11 Lowell 

3nnn - 1 3  
LZUZ-LL Slipher 

1909-26 Widorn r 

Longitudes 1877-- Ashbrook 
of  s u r f  ace  
markings 1952 

L a t i t u d e s  1914-22 Picker ing  
of s u r f  ace  
markings 

Coorciinates 1924 Truapler  
.of s u r f  ace  
markings 

Pa ths  of 1941-50 Camichel 
s e l e c t e d  
s u r f z c e  markings 

Phobos 317.33 52-66 
Deimos 315 -92 52-23 

Poles of 1877 Burton 
s a t e l l i t e  o r b i t s  1926 



STELLAR SPECTRA [16 I 

A l l  stars radia te  l i g h t  contsn ing  different  spec t ra l  contents. 

A s t e l l a r  spectrum i s  composed of a continuous spectrum overlaid by a 

l a rge r  o r  smaller number of spec t ra l  l i n e s ,  absorption and emission l ines .  

The energy d is t r ibut ion  i n  a continuous spectrum i s  re la ted  t o  the  effec- 

t i v e  temperature of a par t icu lar  star. Maximum energy i s  sh i f ted  towards 

t h e  shorter  wavelengths with increasing temperature. 
-- - 

I n  t h e  c lass i f ica t ion  of s t e l l a r  spectra,  only spec t ra l  l i nes  

a re  used whose in t ens i t i e s  vary markedly from spec t ra l  type t o  spec t ra l  

type. Within a spec i f ic  spec t ra l  type, s t a r s  of different  luminosity 
/ 

classes can be distinguished by observing other l i nes  whose in t ens i t i e s  

depend strongly on t h i s  luminosity class.  The l e t t e r s  W ,  0 ,  B,  A, F, G,  

K,  and M a re  used t o  specify' the  spec t ra l  type with the  W-stars having 

the  highest temperature and each successive type having a lower temper- 

a ture .  The W- t o  M-stars a re  referred t o  as the  main sequence with 

secondary sequences consisting of the spec t ra l  types R ,  N and S. The 

character is t ics  of the  spectra i n  these sequences a re  l i s t e d  i n  the  

following t ab le  11. DESCRIPTION OF STELLAR SPECTRA 

spectra  T i t l e  Description TABLE I1 

Broad emission bands, e.g. among others those of 
. hydrogen and of neutral  and ionized helium, on an 

intense continuous spectrum; Wolf-Rayet s t a r s .  

Absorption l ines  of ionized helium on an intense 
continuous spectrum i n  the  shortwave region. 

Absorption l ines  of neutral  helium and of hydrogen 
(~a l rner  l i n e s  HB , Hy , H 6 ,  e tc .  ) and of singly ionized 
oxygen. 
Fainter helium l i n e s ;  stronger Balmer l ines .  



Spectra T i t l e  

A0 t o  A&: 

K 5  t o  Kg: 

-26- 

Description 

Predominantly Balmer l ines ;  some l i n e s  of ionized 
metals. 

The i n t e n s i t y  of  t h e  B&er l i n e s  decreases s l i g h t l y ;  
t h e  l i n e s  H and K of singly ionized calcium and. l i n e s  
of o ther  metals a r e  stronger. 

The H and K l i n e s  a r e  s t l l l  s t ronger ;  t h e  i n t ens i t y  
of t h e  Balmer l i n e s  i s  fa r ther  reduced. Appearance 
of t h e  'Gband' i n  which t h e  l i n e s  of i r o n ,  t i tanium 
and calcium l i e  c lose  together. 

The H and K l i n e s  a r e  s t rongest ;  t h e  Gband shows 
increased i n t ens i t y .  

The H and K l i n e s  a r e  s t i l l  t h e  s t rongest  ones, a t  
t h e  same time many metal l i n e s  a r e  present ; -the Bal- 
mer l i n e s  a r e  s t i l l  recognizable.  h he s o l a r  spect- 
rum i s  of t h e  type G l . )  

The i r on  l i n e s  a r e  stronger then t h e  Balmer l i n e s ,  

The continuous spectrum on t h e  short-wave s ide  of 
+,he K lice cf iccize",cz3ci~~ has nearly 2ic~;pczed; 
t h e  G b m d  shows maximum i n t e n s i t y .  

Appearance s imi l a r  t o  KO t o  5 4 ;  increased occurrence 
of t i tanium oxide bands. 

The main f ea tu r e  i s  t h e  titaim oxide bands; t h e  
Gband i s  s p l i t  up i n t o  inttividual l i n e s .  

Appearance of cyanogen and carbon monoxide bands, 

Spectrum s imi l a r  t o  t h a t  of Sype R ;  t h e  continuum on 
t h e  s>ort=wave s l i d e  of 450108~' has near ly  disappeared; 
t h e  s t a r  the re fore  appears red.  

Spectrum s imi l a r  t o  t h a t  of M and N ;  bands of zircon- 
i u m  oxide appear. 
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APPENDIX I11 

ERROR ANALYSIS OF THE MATHEMATICAL APPROACH 

FOR LOCATING THE POLE STAR 

I n  applying t h e  method f o r  l o c a t i n g  t h e  pole  s t a r ,  it e a  be 

assumed t h a t  e r r o r  e x i s t s  i n  l o c a t i n g  t h e  two reference  s t a r s .  This 

e r r o r  w i l l  r e s u l t  from t h e  combined e r r o r s  crea ted  by t h e  ind iv idua l  

components i n  t h e  two star t rack ing  u n i t s .  Since both u n i t s  i n  t h e  track- 

i n g  mode a r e  r e l a t i v e l y  simple, t h e  e r r o r  r e s u l t i n g  from them should be 

s m a l l  ( l e s s  than 0 . 1  degrees)  i f  care i s  taken i n  t h e i r  const ruet ion,  

If t h e r e  i s  an e r r o r  i n  t h e  r i g h t  ascension and declina,%ion of 

t h e  two binary  reference  s t a r s ,  and t h e  mathematical procedure using t h e  

c o r r e c t ,  predetermined,included angles A and B ( s e e  Fig.  A )  i s  followed, 

a l o c a t i o n  of t h e  pole  star w i l l  be generated having an erroneous right 

ascension and decl inat ion.  

EE STAR 2 
REF. STAR I ( ERRBNIQUS) 
(ERRON rous 

Figure A 



Relations g iv ing t h e  e r r o r s  i n  t h e  pole  s t a r  loca t ion  a r e  derived i n  

t h e  fol lowing manner: 
DENEB 

REF. ::TAR 2 

12 

Figure B 

Defining: I D ,  2D, 1 2  a r e  t h e  a r c  lengths  between t h e  appropr ia te  s t a r s ,  

( ~ ~ + r ~ )  i s  t h e  erroneous r i g h t  ascension of star i where 

i can t ake  on values of 1, 2 o r  D represent ing reference  

stars I. and 2 ,  ,and Deneb. 

R. i s  t h e  cor rec t  r i g h t  ascension of s t a r  i 
1 

r i s  t h e  e r r o r  i n  r i g h t  ascention of sta,r i 
i 

(ai+&. ) i s  t h e  erroneous decl inat ion of star i 
1 

a. i s  t h e  cor rec t  dec l ina t ion  of  s t a r  i 
1 

6. i s  t h e  e r r o r  i n  dec l ina t ion  of  s t a r  i 
1 

Arc length  12 may be determined using t h e  erroneous r i g h t  ascension and 

dec l ina t ion  of  reference  stairs 1 and 2 

cos 1 2  = cos (Rl+rl) cos ( d  +S ) cos ( ~ ~ + r ~ )  cos ( d24-S2) 1 1  
2 2 2 2 +[l-cos (Rl+rl)cos (dl+S1) 1 $ [l-cos (R2fr2)cos (d2+62) ]p2 

2 2 
{ s i n ( d  2 +S 2 )[ l-cos (R2+r2)cos ( d $ ~ ~ ) ] - %  

2 2 -1 1/2 
[1-sin2(d 1 1  +6 ) {l-cos ( ~ ~ + r ~ )  cos (dl+S1) 1 ] 

2 2 1 
-[ l-sin2 +6 2 ) (1-cos (R2+r2)cos (d2+S2) I-'] /2sin(d1*61) 

( eont ' d) 



2 2 f l-cos )Rl+rl) cos 1-1/21 
Considering t h e  r i g h t  ascension and decl inat ion of Deneb as  unknown arid 

using t h e  erronious coordinates of t h e  reference stars, two r e l a t i ons  

f o r  a r c  length  1 D  may be derived. One r e l a t i o n  i s  derived from t h e  co- 

ordinates  of reference s t a r  one and t h e  unknown coordinates of Deneb, 

The second i s  derived using a r c  length  12 ana t h e  correct  included angles 

.A and B. Two r e l a t i ons  f o r  a r c  length  2D may a l so  be derived i n  t h e  

same manner. The two r e l a t i ons  f o r  1 D  must be equal ,  as  must a l so  be 

t h e  two r e l a t i ons  f o r  2D. Se t t i ng  t h e  two r e l a t i ons  f o r  D equal t o  

each other  and t h e  two r e l a t i ons  f o r  2D equal t o  each o ther ,  t w o  equa-, 

t i o n s  i n  two unknowns a re  formed. The unknowns a re  t h e  erroneous r i gh t  

ascension (R =R +r ) and decl inat ion ( d  +6 ) of t h e  pole  s t =  and ~ D D  d = a ~  D 

they may be  solved f o r  without too  much d i f f i c u l t y .  Knowing t h e  correct  

r i g h t  ascension and decl inat ion,  these  may be subtracted from the  erron- 

eous values giving t h e  e r r o r  i n  r i g h t  ascension. and decl inat ion of t he  

pole  s t a r .  The two equations a r e  a s  follows: 

2 2 c o s l ~ = c o s  (Rl+rl) cos ( d  +6 ) cosRd cosdd+[l-cos ( R  +r ) cos ( d  +6 ) ] '$ 
1 1  1 1  1 1  

2 2 2 2 2 [l-cos R cos d ]'z {sind [l-cos R cos dd]-12 [ l - s in  ( d  +6 ) 
d ti a d 1 1  

2 2 -1 1/2 2 2 2 
( l-cos (R1+rl)cos (dl+S1) ) I -[ l-sin d d (1-cos ~ ~ c o s  dd)-l]  

2 
s i n (  $+al) [l-cos (Rl+rl) ~ o s ~ ( ~ + S ~ )  ]-%I 

2 2 1/ 
=( l - ( s i n  ~ ( 1 - c o s  12)/[l-(sin.AsinBcosl2-cos~cos~)~] 1 

2 2 cos2~=cos  (R +r ) cos ( d  +S ) c o s ~  c o s d g  [I-cos ( R  +r ) cos (d  +S ) 1 
2 2 2 2 d 2 2 2 2 

2 2 2 2 2 [l-cos Rdcos d d ] ' {sindd[l-cos Rdcos dd]-% [I-sin (d2+6*) 



As an example, as sume R.,, = 0" % = 80° 

and assume no e r r o r  i n  loca t ing  reference s t a r  1 and a l l  t h e  e r r o r  i n  

loca t ing  reference s t a r  2. Angle A i s  1.216441 radians and angle B i s  

1.447536 radians.  Introducing e r rors  i n  t h e  r i g h t  ascension (r2) and 

decl inat ion ( 6  ) of reference s t a r  2, t h e  following e r ro r s  i n  t h e  r i g h t  
2 

ascension ( rD)  and decl inat ion (aD) of Deneb r e s u l t .  ( see  Table 111) 

From examination of  t h e  r e s u l t s ,  it i s  seen t h a t  as long as 

t h e  e r ro r s  i n  t h e  reference s t a r s  a re  kept small ,  t h e  e r r o r  i n  t h e  pole 

star loca t ion  i s  small. Also, f o r  t h i s  choice of s t a r s ,  t h e  e r rors  i n  

t h e  pole star loca t ion  r e su l t i ng  from t h e  erronious declinat,ion of t he  

r e f e r e n c e  s t a r  sire great.er than t h e  e r ro r s  introduced by an erronious 

r i g h t  ascension of t h e  reference s t a r .  This ind ica tes  t h a t  t h e  rncchan- 

i c a l  pickoff  reading t h e  decl inat ion of t h e  reference s t a r  should be 

more p rec i se  than t h e  pickoff reading r i g h t  ascension. 

Considering t h e  fabr ica t ion  techniques i n  existence today, a 

device f o r  loca t ing  t h e  pole s t a r  and/or t h e  t r u e  pole can be construe%- 

ed t h a t  w i l l  s a t i s f y  t h e  requirements f o r  most navigational  needs. 



TABLE I11 

ERRORS IN POLE STAR LOCATION RESULTING FROM ERRORS 

IN THE LOCATION OF REFERENCE STAR 2% 

r (deg.) d,(deg. ) r 
-2 D 

0 0 .  0 0 

0 0.01 0.0838 0.0002 

o 0.02 0.1169 0.0004 

o 0.03 0.1789 0.0006 

0 0.04 0.2287 0.0008 

0 0.05 0.2822 0.0009 

o 0.06 0.3341 0.0011 

0 0.07 0.4073 0.0013 



r '(deg. ) d (deg. ) r (deer.> %(deg. 
. 2 . . .  . . . . . . . . . . . . .  2 . : . . . . . . . . . . . . . . .  D.:.............. . . . .  . . .  

8Coordinates f o r  the  stars. a re  given i n  example statement on t h e  preeeed- 

ing  page. 
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